Microscopic Studies on the Effect of Long-Term Hypercalcemia on the Thyroid Parafollicular Cell and the Parathyroid Cell of Rats A cell type different from the follicular cells of the thyroid was discovered by BABER (1876) and named "parafollicular cell" by NONIDEZ (1932). As to the function of this cells, different opinions were proposed.
Materials and Methods
Thirty two Wister rats were used for this study. Twelve of them served as controls. Twenty of them were injected intramuscularly with 200,000 I. U. of vitamin D2 (Chocola D, Eisai Co.) every day and 0.5% CaCl2 water solution was supplied as drinking water.
The rats were sacrificed after 2, 5, 13, 14, 16, 17, 24 and 31 days of treatment. Two hrs after the last injection, the thyroid and the parathyroid were removed and fixed in a solution consisting of 1 part of 4 % OsO4, 2 parts of 0.1M cacodylate buffer solution and 1 part of 12% glutaraldehyde solution for 2hrs. The tissues were dehydrated in graded concentrations of alcohol and embedded in Epon epoxy resin. Sections cut in a Porter-Blum ultramicrotome and stained with Millonig's lead solution were examined in a Hitachi HS-7 type electron microscope.
Some of the thick sections stained with toluidine blue were examined with a light microscope.
The serum calcium values were measured by the method of SOBEL and HANOK (1951) .
The density in number of the secretory granules in the cytoplasm of the parathyroid cell was calculated using fifty photographs of each experimental animal. Photographs showing a whole cell with both nucleus and nucleolus were used for calculation. The number of granules was calculated and the cytoplasmic area of the parafollicular cell was measured, using the planimeter in each photograph, and the ratio of the number of granules to the area of the cytoplasm was calculated. Parafollicular cells occur singly or in groups in the basal part of follicles or interfollicular tissue. The fine structure of the normal rat parafollicular cell generally corresponds to previous descriptions (WISSIG, 1962; YOUNG, 1963; LUCIANO und REALE, 1964 , MATSUZAWA, 1966 EKHOLM and ERICSON, 1968) . The cell is characterized by 1, 2, 3). As MATSUZAWA (1966) Figure  12 .
In some of the cells of all the experimental animals no granules were recognized in their Fig. 3 . Relationship between the parafollicular cell (P) and the capillary. The endothelium (E) has numerous pores (arrows) with a thin diaphragm. Secretory granules are accumulated on (Fig. 11) . The ratio of the area of the Golgi apparatus to the whole cytoplasm became about 2-4 times what it is normally.
The Golgi vesicles were prominently increased in number, and the Golgi cisternae were also increased in number and size.
Numerous small granules, which might be derived from the Golgi vesicles, were seen in the Golgi region. However, it is difficult to find the granular structure in the large Golgi cisterna. Though the cytolysome like dense bodies containing numerous granules sometimes occur in the normal parafollicular cells as described above, it is difficult to find these bodies in the vitamin D2
and CaCl2 treated animal.
Parathyroid Cells
Parathyroid cells of the normal rat
In the rat, all the parathyroid cells are chief cells which have been classified into two or three types, dark, light and intermediate cells for several kinds of mammals (KAYSER et al., 1961; LEVER, 1957; MIZUOCHI, 1958; MUNGER and ROTH, 1963; NAKAGAMI, 1965 NAKAGAMI, , 1967 ROGERS, 1965; STOECKEL and PORTE 1966; SZILAGYI 1967 ).
The present author wishes to emphasize that all these type cells are due to the functional stages of the cell or artifact by fixation. In the present study, it was difficult to differentiate between dark and light cells, because the cytoplasmic structure was virtually, identical in every cell. Interdigitation is found in some parts of the cell membrane and desmosomes are cristae. However, in most of the cells, mitochondrial structure is not so markedly changed (Fig. 15) . The Golgi apparatus is also not so well developed in the experimental animal as in the normal animal (Fig. 15, 16 ). The tortuosity of the cell membrane decreases in number and size (Fig. 15, 16 ). The small lysosomes are not so changed in number. However, large lysosome containing heterogeneously dense materials and fat droplets appear in some experimental cells (Fig. 17) . The lipid droplets, which are not so well recognized in the normal parathyroid cell, appear in some of the cells of the experimental rats. Degenerated cells are rarely seen. These changes are summarized in the following table. to be caused by more increased release rather than synthesis of the secretory granules in the cytoplasm of the parafollicular cell. Using the electron microscope, BAUER and TEITELBAUM (1966) observed the granules obtained by cell fractionation and postulated that the cytoplasmic granule of the parafollicular cell relates to calcium lowering activity.
Morphologically MATSUZAWA (1966) and MATSUZAWA and KUROSUMI (1967) disclosed degranulation in the light cell of the rat 4hrs after a single injection of calcium chloride. They suggested that this granule might be related to the calcium lowering factor, as PEARSE (1966a) described in the dog. On the other hand, YOUNG et al. (1968) observed the increase of secretory granules in the cytoplasm of the parafollicular cell of the pig 1-2hrs after perfusion with hypercalcemic blood. The difference between their data is considered to be caused by the different species of experimental animals, of serum calcium concentration, and of acting time of hypercalcemic perfusion. In addition, it is necessary to consider that the granules are mostly located near the vascular portion of the cell.
NANBA and FUJITA (1969) did not recognize any change in the fine structure of the parafollicular cell of animals treated subcutaneously with CaCl2 (3mg/day) for 6.3mEq/L). Large rounded mitochondria (LM) and swollen cisternae of the 15 days and 75 days. They explained this result as follows: the functional response of the parafollicular cell to temporary hypercalcemia is considered to return to normal when the calcium level returns to normal. Thus the function of the parafollicular cell seems to react directly to the calcium concentration. KAMEDA (1968) , in her light microscope study using Davenport's silver impregnation method, noticed a degranulation of the parafollicular cell and a peripheral accumulation of the granules 3hrs after the intramuscular injection of CaCl2 (50mg/kg) and simultaneous intramuscular injection vitamin D2 (100,000 IU.) 3 times at 2.5hr intervals to puppies. ERICSON (1968) recognized a marked degranulation of the parafollicular cell in hypercalcemic animals.
NANBA and FUJITA (1969) reported a similar result. The mechanism of release of the secretory granules is considered to be independent from the rate of synthesis as JAMIESSON and PALADE (1968) clarified in the pancreatic acinar cell. Daily administration of vitamin D2 can maintain the hypercalcemic serum. As to the function of the parafollicular cell under this long-term hypercalcemic state, the secretory granules containing thyrocalcitonin are considered to be released more actively over the rate of sythensis. This may be the reason why the secretory granules are reduced in number in the parafollicular cell of the hypercalcemic rat.
Increases in number and size of the elements of the rough surfaced endoplasmic reticulum and of the elements of the Golgi apparatus were seen in the vitamin D2 and CaCl2 treated rats. The immature granules were often seen in the Golgi region of this experimental animal. These findings demonstrate the active state in synthesis of the exportable protein, thyrocalcitonin.
Although MATSUZAWA (1966) and ERICSON (1968) reported that no changes were induced in rough surfaced endoplasmic reticulum and Golgi apparatus of the parafollicular cell of experimental rats, NANBA and FUJITA (1969) first demonstrated the responses of rough surfaced endoplasmic reticulum and Golgi apparatus to hypercalcemia in vitamin D2 and CaCl2 treated mice. It may be true that the development of Golgi apparatus and rough surfaced endoplasmic reticulum is relatively in proportion to the chronically elevated serum calcium content in order to compensate for the degranulation following continuous hypercalcemia. As to the releasing mechanism of the secretory granule, the present author found figures suggesting reverse pinocytosis in a few cells. However, it is difficult to determine if this is only a type for release of the secretory granule of the parafollicular cell.
Parathyroid cell
The present author recognized remarkable changes in the fine structure of the parathyroid cell of rats treated with vitamin D2 and CaCl2 for about 2-4 weeks. These changes in the experimental animals are considerd to be induced by suppressing the synthesis and release of the parathormone.
It has been believed that the activity of the parathyroid is regulated by serum calcium concentration (Cope et al., 1962; SHERWOOD, 1968) . Suppression of the parathyroid activity has been believed to be induced by the increase of the serum calcium level. On the basis of a decrease of nuclear surface area and of cytoplasm-to-nucleus ratio, ENGFELDT (1950) and HANSSLER (1953) concluded that the activity of the parathyroid glands of rats was depressed following long-term administration of vitamin D. CAPEN et al. (1965) reported that the activity of the parathyroid gland was suppressed electron microscopically in cows fed with vitamin D for 30 days.
In the present study the cytoplasmic volume of the parenchymal cell was decreased, and its cytoorganells such as rough endoplasmic reticulum and the Golgi apparatus became smaller in size in hypercalcemic rats. The secretory granules are increased in number and tend to localize in the peripheral region of the cytoplasm of the parenchymal cell in experimental animals. NAKAGAMI (1967) recognized a marked reduction in the number of secretory granules in the parathyroid cell of mice injected with 2% CaCl2 intraperitoneally for 2 weeks. On the other hand, ROTH and RAISZ (1966) demonstrated an increase of the granules when a low calcium cultivation is followed by a high calcium cultivation. CAPEN et al. (1965) reported degranulation in cows fed with a diet containing vitamin D (300,000I.U./day) for 30 days. The inconsistency among these data might be due to various factors such as the animal species and the duration and dosage of vitamin D-treatments.
The number of secretory granules in a parathyroid cell is considered to be determined by the ratio of release to synthesis of the secretory granule.
The increase of secretory granules in the cell means that release of the granule is more markedly suppressed than synthesis in the experimental animals. As to study along this line, RAISZ (1964, 1966) reported that there was a significant increase in the C14 labeled protein and the S35-labeled protein released into the low calcium medium, and they postulated that alterations in calcium concentration of the medium does not affect the rates of hormone synthesis and secretion equally. ROTH and RAISZ (1966) postulated that the effect of calcium ion on amino acid uptake is direct and does not depend upon the rate of protein synthesis, since it persists when protein synthesis is inhibited by puromycin. This postulate was further supported by observation that the differential effect of calcium on the release of labeled protein persists while nucleic acid and protein synthesis are inhibited by actinomycin D (RAISZ, AU and STERN, 1965) . JAMIESSON and PALADE (1968) reported that synthesis and transport of the secretory protein are separable in the pancreatic acinar cell. The present author observed the decrease of the tortuosity of the parenchymal cell membrane in the hypercalcemic rat. These findings are consistent with the observations of ROTH and RAISZ (1964 ) and CAPEN et al. (1965 . Similar findings have been recognized in the atrophic human parathyroid cell (ROTH and MUNGER, 1962) . No morphological studies showing the synapse between the parenchymal cell and the nerve ending have been published. This fact suggests that the calcium ion is considered to regulate the activity of the parathyroid cell directly. RASMUSSEN (1964) believed that an elevation of the extracellular calcium concentration increases the "tightness" of the membrane and decreases the rate of flux of molecules across the cell membrane.
The precise mechanism of the regulation of synthesis and release of the parathormone by calcium ion remains to be clarified. RAISZ and O'BRIEN (1963 ) and AU and RAISZ (1964 demonstrated that the value of serum calcium regulates the uptake of non-metabolized amino acid into the parathyroid cell both in vivo and in vitro. The present author considers that the change of the tortuosity of the cell membrane is related to the uptake of the amino acid and the release of the hormone through the cell membrane.
The Golgi apparatus of the parathyroid parenchymal cell is not so well developed and the Golgi vesicles and prosecretory granules in the Golgi field are decreased in the experimental rats. This fine structural observation suggests that the production of the secretory granule is suppressed. Similar results were obtained by RAISZ (1964, 1966) in the parenchymal cell cultured in a high calcium medium for 48 hrs, by CAPEN et al. (1965) in cows fed with a large amount of vitamin D, and by NAKAGAMI (1967) in mice treated with CaCl2. Lipid bodies are increased in number in the cytoplasm of the parenchymal cell of the chronic hypercalcemic rats as compared with those of the control rat, as ROTH and RAISZ (1964 ) and CAPEN et al. (1965 (1966) reported that the granular endoplasmic reticulum was increased in quantity, occupying a larger portion of the cytoplasm, and frequently was arrayed in compactly stacked lamellae in the parathyroid cell of the rabbit, these changes being induced (1967) described the endoplasmic reticulum appeared as aggregated lamellar arrays and flattened or distended sacs with numerous ribosomes attached to the outer surface of the membranes in chief cells of cows with patrient paresis. CAPEN and ROWLAND (1968) thought that the rough surfaced endoplasmic reticulum appeared with both lamellar structure and partially distended cisternae in the parathyroid chief cell of young cats with experimental hyperparathyroidism.
On the other hand, CAPEN et al. (1965) observed poorly developed rough endoplasmic reticulum in the cow treated with vitamin D feeding.
NAKAGAMI (1967) also reported narrowed cisternae of the endoplasmic reticulum in the parathyroid cell of mice injected with CaCl2. In the present study, the elements of rough surfaced endoplasmic reticulum were poorly developed in most cells.
Some cells represent the rough endoplasmic reticulum with markedly enlarged cisternae.
The rough surfaced endoplasmic reticulum with markedly enlarged cisternae mostly coexists with large mitochondria.
In this cell, secretory granules are difficult to see and the cytoplasmic matrix is clear in electron density.
These changes might suggest degenerative changes of the cell. The PAS-positive and diastaseresistant droplet which CAPEN et al. (1965 ), CAPEN and YOUNG (1967 ), and CAPEN and ROWLAND (1968 named lipofuscin might correspond to the osmiophilic body in electron microscopy. The present author considers this substance to be a kind of cytolysome. The present author also found a cilium in the rat parathyroid cell as several authors (MUNGER and ROTH, 1963; HOLZMANN und LANGE, 1963; HARA and NAGATSU-ISHIBASHI, 1964; NAKAGAMI, 1965; STOECKEL and PORTE 1966) reported previously in several other kinds of mammals. 
